of Zn-Ni-P films is of both fundamental and practical interest. Thin Zn-Ni-P layers have been suggested as anti-corrosion coatings, having also improved optical, magnetic and electrical properties as compared with Ni-P layers [1] [2] [3] [4] . Recent research in developments of Zn-Ni-P ternary alloys, which induce barrier properties to the sacrificial Zn-Ni alloy, showed an extension in the life of coating. Thus, by introducing a new element in the Zn-Ni alloy one can expect to decrease the Zn-Ni ratio in the alloy and, consequently, shift the corrosion potential of Zn-Ni alloy from -1.14 V vs. SCE to even more positive values than the corrosion potential of Cd, -0.79 V vs. SCE, but more negative than the Fe corrosion potential [3] . Nanostructured materials are a new class of engineering materials with specific properties and structural lengths between 1 and 100 nm and can be produced by a variety of different methods. The property enhancements in these materials are due to the very small crystal size, the enhanced volume fractions of interfacial atoms in the system and the incorporation of second phase constituents (particles, fibres, nanotubes) in nanocomposites.
Nanometric and submicronmetric systems are being studied as actuators, sensors, micromotors, and frictionless gears using magnetic materials, in fabrication of nanostructured magnetic material and high performance cermet solar selective surfaces for solar energy applications. Zn-Ni nanostructural components were already obtained in alkaline media [5] , but there are not any data available for Zn-Ni-P nanostructured films.
Zn-Ni-P is applied in the chemical and electronics industries not only for anti-corrosion coatings, but also for its magnetic and electrical properties. There is also an option to apply Zn-Ni-P films of varying thickness and composition as screens and filters for electromagnetic radiations.
This study addresses the crystal structure/ morphology, chemistry and magnetic properties of Zn-Ni-P thin layers of varying thicknesses which are electro-deposited from chloride baths on the copper substrate for electronic applications. Due to its thermal and electrical conductivity a copper substrate was selected for a large variety of domestic and industrial piping.
Experimental procedure
Zn-Ni-P thin films were electrochemically deposited on low carbon steel samples (C=0.0043 wt.%) 20×20 mm in size, 0.48 mm in thickness. The electrolysis cell utilized is presented in Fig. 1 . The steel sample (cathode) was fastened between 2 platinum anodes (sizes: 20×20× 0.2 mm) at an inter-electrode gap of 20 mm.
The electrolyte was stirred using an AG 3 electric plate with a magnetic stirrer. The surface of the steel samples was prepared before deposition. This is necessary because the adherence between substrate and coating, with favorable consequences on anticorrosive protection efficiency, can be secured only by an adequate preparation of the sample surface. Preparing the substrate for film deposition comprised the following operations: polishing on abrasive paper increasing in granulation; acetone degreasing and rinsing in double distilled water; sample etching for removing traces of surface adherent oxide with 50% H 2 SO 4 solution at a temperature of 50-60°C for 1-2 minutes, followed by a washing with double distilled water. The chemical composition and experimental parameters of the electrodeposition baths are listed in Tables 1 and 2. Solutions for deposition baths were prepared using Merck p.a. purity chemical solutions and double distilled water. The pH of solutions was set and maintained with NH 4 Cl. The electrodeposition bath also contained complexing agents such as tri-sodium citrate (C 6 H 5 Na 3 O 7 ). Sodium hypophosphite (NaH 2 PO 2 ) had a double role in the bath as both a raw material and a complexing agent. Films were deposited in both potentiostatic and galvanostatic working regimes. The working temperature was 35-60°C. The deposition time was 60-120 minutes for the selected bath type. The deposition bath was stirred using a Teflon embedded magnetic stirrer at a 180-200 rpm rate, and the anodecathode distance was always 80 mm.
The crystal structure of the as-deposited thin films was characterized using an X-ray diffractometer (model DRON-2, Russia) with Cu-K α -radiation. X-ray pictures were received by an automatic recording of reflection intensities with a 0.03° scanning step and 2-3 s exposure per step. Angular positions of the diffraction peaks were determined from reflection peaks centering surface. The composition and relative quantity of the main and doped phases were identified usingPCPDFWIN tables, version 2.0. The thicknesses of the Zn-Ni-P thin film coatings were determined by means of a compact inverted metallurgical microscope GX41 with an accuracy of ±0.1 µm on the polished end face of the copper substrate with a d Cu =0.5 mm thickness and a deposited coating layer. Thin layers of Zn-Ni-P alloys were obtained at different current densities on copper substrates with a thickness of 0.45 mm and an area of 20×20 mm 2 . The morphology of the obtained thin films was analyzed by scanning the electron microscope (SEM) using a Zeiss EVO-LF10 apparatus working at an accelerated voltage of 15 kV and a FEI Quanta 3D FEG operating at 20-30 kV, equipped with an energy dispersive X-ray spectrometer (EDS).
The surface analysis of the obtained thin films performed by X-Ray Photoelectron Spectroscopy (XPS) was carried out on Quantera SXM equipment, with a base pressure in the analysis chamber of 10 -9 Torr. The X-ray source was Al K α radiation (1486.6 eV, monochromatized), and the overall energy resolution was estimated at 0.65 eV by the full width at half maximum (FWHM) of the Au4f 7/2 line. Taking the charging effect on the measured Binding Energies (BEs) into account,the spectra were calibrated using the C1s line (BE=284.8 eV, C-C (CH) n bondings) of the adsorbed hydrocarbon on the sample surface. The deconvoluted peaks were identified by referencing an XPS data base [6] . The sensitivity of the XPS method was in the range of (10 -3 -10 -4 ) of a monolayer (ppb), and so, some differences from EDS results were expected. The specific magnetization temperature dependence was investigated in a magnetic field with induction B=0.86 Tesla and within the temperature range of 80≤T<900K using the ponderomotive method [7, 8] on installation, the block diagram of which is shown in Fig. 2 . The sensitivity of the apparatus for magnetic susceptibility was 10 -11 m 3 kg -1 at a sample mass ≈1÷3 grams and a specific magnetization of 0.005 A m 2 kg -1 for ferromagnetic samples with a mass≈0.003 grams. The thermostat setting allowed the study of the dependences χ=f (T) and σ=f (T) in continuous mode measurements within the 77÷1400 K temperature range.
Results and discussion
The thin layers thickness on the polished end face of the substrate was determined at room temperature. Table 3 shows the results of measuring the Zn-Ni-P films series C thickness. The results of the measurements on the GX41 microscope showed (column 2) that, depending on synthesis conditions, thin layers were obtained with thicknesses from ~1.0 mm to about 13.5 microns.
The results of studying the crystal structure of thin layers of Zn-Ni-P series (named ZNP) on the copper substrate are shown in Figs. 3 and 4.
The X-ray diffractions of the synthesized ZNP(2)-ZNP(6) layers also contain the copper substrate reflections and contribution of the low intensity diffraction reflections of a Zn-Ni-P thin coating. It was established that the most probable composition was ZnNi 10 P 3 while analyzing the angular position of the diffraction reflections from the crystal structure of Zn-Ni-P thin layers. According to [9] [10] [11] , this compound has a crystal structure of the P3m1 space group, Z=3 and unit cell parameters a=0.7665 (1) nm; b=0.7665 (1) nm, c=0.9360 (1) nm; α=β=90º and γ=120º. Reflections of the film composition to the intensity are most convincingly manifested by increasing thickness (see insert Figs. 3, 4 and the data in Table 3 ). Zn-Ni-P crystal structure reflections can not be rendered on X-ray diffraction patterns of Zn-Ni-P films of samples ZNP(1), ZNP(7) and ZNP(8) of ~1.0÷1.6 mm thickness on the background of intense Cu substrate reflections.
By processing XRD data, the average size of crystallites (s) was calculated using the following Debye Scherrer equation (Eq. 1) [12, 13] :
Where: k is a constant taken as 0.94, λ is the wavelength of the X-ray radiation (Cu Kα =0.15406 nm), s is the crystallite size, θ is the diffraction angle and B is the line width at half maximum height (FWHM).This is the generally accepted method to estimate the mean crystalline size of nanoparticles [14, 15] .
According to the experiment, ZNP1, ZNP7, ZNP8 films were very thin and strongly amorphous (there 1.electromagnet; 2.device for the registration of sample retraction force in magnetic field; 3.sample unit and thermostat; 4.device for thermostat evacuation. were no peaks of the films and thereforeimpossible to calculate the size of the crystallites). For the last one, the average size was estimated including the dislocation density (δ ) (see Table 3 much coarser globular features. The presence of cracks was observed in ZNP(2) and ZNP(3) and an extensive delamination of the film in ZNP(4). The morphology observed in ZNP (7) is clearly different from the others. EDS analysis, discussed below, determined that the irregular submicron sized particles observed are from the copper substrate and no Zn-Ni-P coating was formed on this sample. ZNP(6) and ZNP(8) showed the lowest roughness and did not present cracks or irregularities.
The globular structures seen in SEM images are orders of magnitude bigger, almost micron size, than crystalline sizes calculated from XRD, and therefore they are hierarchical structures composed of many nano crystallites.
The EDS results are shown in Figs. 9-10. EDS confirmed the formation of Zn-Ni-P coating only in ZNP(1) and ZNP(8), with P:Ni:Zn atomic ratios of 4:8:1 in ZNP(1) and 3:8:4 in ZNP(8), respectively. Samples 2, 3, 4, 5, 6 showed predominantly the presence of Ni and also S, with Ni:S atomic ratios between 5:1 and 4:1. We assumed that the presence of S was from the thiourea additive of the electrodeposition electrolyte. Finally, only small quantities of Ni, P and S (at the surface in the ratio of Ni:P:S=2:1:1) were detected in sample 7, predominantly Cu. This indicated that the thin film deposition was not performed at all. The SEM results for samples ZNP(1) and ZNP (8) were similar with previous data from the literature [16, 17] .
X-ray photoelectron spectroscopy (XPS) has proven to be a very useful tool in determining the chemistry of elements in the alloys structure. XPS was used to study the chemistry and the thickness of each Zn-Ni-P thin layer in the study. Survey (wide scan) XPS spectra were recorded to detect all the elements present on the surface (<10 nm). High resolution spectra were collected to find the chemical bonds of the detected elements and to conduct quantitative analysis. Thus, the characteristic XPS spectra were recorded for the most prominent transitions: C1s, O1s, Z2p3/2, ZnLMM, Ni2p3/2 and P2p.
From the calculated results, substantial amounts of C were detected on the surface, which may be attributed to two sources. One, the surface was contaminated with unavoidable carbon from CO 2 and hydrocarbon adsorbed on the outermost layer from the ambient atmosphere; two,an aromatic compound (C 6 Na 3 H 5 O 7 •5½ H 2 O) was used in the bath, which may have taken part in the formation of some complexes. As for the appearance of S2p line in the XPS spectra, we assumed (as in EDS results) that this stemmed from the presence of thiourea in the electrodeposition bath.
The detailed spectrum of zinc is presented in Figs. 11b and 11c . The Zn 2p 3/2 and Zn LMM (Auger transition) spectra indicated the presence of Zn 2+ ion in all of the relevant films. Since it is nearly impossible to detect a chemical shift between Zn 0 and Zn 2+ states in the photoelectron line Zn 2p 3/2 , we recorded the Auger LMM transition as well. The last transition was sensitive to the Zn chemical environment and showed a chemical shift of ~2.5 eV higher in Zn 2+ in comparison with Zn 0 . From the Auger LMM transition, it became clear that the inclusion of Zn in Zn-Ni-P thin films electroless was found in the 2 + oxidation state, as a mixture of ZnO (at binding energy of 496.6 eV) and ZnCl 2 (at binding energy of 498.9 eV).
The detailed spectrum of phosphorus P2p (Fig. 11d) was very noisy as a result of the tiny relative concentration of this element in the Zn-Ni-P thin films and which showed two different peaks. The first peak appeared at a binding energy of ~129.7 eV and was detected as metallic phosphorus (P 0 ). The phosphorus signal at the binding energy of 133.6 eV could be assigned to an organic combination of phosphorous (P organic ) proving the expected citrate complexes in the deposition bath.
The detailed spectra of nickel (Ni2p 3/2 ) were similar for samples ZNP1, ZNP5,ZNP6 and ZNP8 (Fig. 11e) and for samples ZNP2, ZNP3, ZNP4 and ZNP7 (Fig. 11f) . The deconvoluted spectra associated to nickel showed the existence of a mixture of Ni 3+ and Ni 2+ oxidation states from the line profile (including satellites) and the position of the Ni 2p 3/2 peak. The characteristic Binding Energies (BEs) of the 2p3/2 feature (853.4-853.5 eV; 855.1-860.7 eV), the band-like profile of the spectrum as well as the presence of the associated satellites at 859 eV; 860.7 eV were the fingerprints of a mixture of NiO and Ni 2 O 3 contributions. The relative concentration of nickel in these two different nickel oxides was 82% NiO respectivelly 18% Ni 2 O 3 for ZNP1 and 71% NiO respectivelly 29% Ni 2 O 3 for ZNP4.
Our estimates of the film thickness deposited on the Cu substrates were based on Ar ion etching at 3 KeV (2×2) mm. The sputter rate was 5 nm min -1 for the matrix of the films [18] . After 2,5 min and a 5 min sputtering time, we calculated the thickneses of the sputtered layer and finally the thickneses of the films by using the sputter rate and the detected volume (~3λ were λ=inelastic mean free path). Thus, the results are presented in Table 4 . It is appropriate to note that the errors estimated for the thickness calculations are in the range of ±10%.
The specific film magnetization for all samples ZNP(1)-ZNP(8) was studied by the ponderomotive method. Ponderomotive force is defined by formula:
where: m-sample mass, σ х , χ g -magnetization and magnetic susceptibility of sample unit mass respectively, µ 0 -magnetic constant, В Z -magnetic induction component on Z axis, ∂В Z /∂x-component В Z gradient along x axis. The magnetic characteristic values are gathered by this method with an accuracy of 1%.
The results of specific magnetization measurements of the samples ZNP(1)-ZNP(8) are shown in Figs. 12 and 13.
The σ=f(T) temperature dependence of a thin film of thickness d=1.57 μm shows that the sample ZNP(1) (Fig. 12a) is in the diamagnetic state. The film specific magnetization values in this sample over the entire Table 4 . Thickness of Ni-Zn-P film at Cu substrate. studied temperature range are negative. The sample is pushed out of the set magnetic field at 80 ≤T≤ 1000 K. This behavior may have the following reasons: 1) amount of substances of the Zn-Ni-P film on copper are so small that the diamagnetic response of expulsion of copper from the magnetic field dominates the magnetic response of the attraction of a thin film by the magnetic field; 2) due to the small thickness of the Zn-Ni-P film, nickel ions are so far apart in the Zn-Ni-P that between them there is no direct magnetic interaction exchange; the device feels the diamagnetism of copper; 3) as presented in XRD, the crystal structure of some Zn-Ni-P thin films (samples 1, 7 and 8) is strongly "amorphous," because not all films have an amorphous structure and the type iselts (petals) and those with less than one magnetic domain have no magnetic ordering.
Samples
The ZNP(2) sample of a sufficiently large thickness of d≈11.56 μm (Fig. 12b) has the specific magnetization of σ~52.5 A m 2 kg -1 at T=80 K. This value is 11.6% less than the specific magnetization of σ Ni =58.57 A m 2 kg -1 of pure Ni powder at a liquid nitrogen temperature. Following the evolution of σ=f(T) at T=460 K an increase in the specific magnetization is noticeable. Possible reason for this behavior could be the end of the synthesis reaction of Zn-Ni-P film electroless deposition on copper in an attempt to cover nickel film. In fact this sample was found by EDS to have only Ni (>85%). The σ=f(T) dependence of cooling did not correspond with the heating up to ~780 K. The microscope studies of theses films showed that the heating at this temperature leads to the formation of an intermediate layer between the Cu substrate and the Zn-Ni-P film. Some small part of the film Zn-Ni-P composition entered into an irreversible reaction with copper, which was confirmed by re-heating. The temperature magnetization dependence at reheating coincided with the σ=f(T) cooling dependence. The reasons of the mechanism are the same for the last samples. In addition, it seems likely that the main reason for the different behavior regarding the specific magnetization at heating and cooling of the films, is the annealing process. In the annealing process during the measurements, the following could take place: 1) amplification reactions of chemical and exchange bonds between the elements of film composition are occurring as between the film and substrate as well; 2) the growth of thickness of the transition layer "substrate-film;" 3) the removal of the surface stress and heterogeneity in the composition distribution of the coating surface; 4) homogenizing of thin coating and refinement, or deterioration of the adhesion to the substrate.
The specific magnetization temperature dependence of thin layers of ZNP(3), ZNP(4), ZNP(5) and ZNP(6) samples is similar to the σ=f(T) dependence for sample ZNP(2). There is only a slight difference in the specific magnetization values. The constancy of the transition temperatures in the paramagnetic state (Tc) indicates that the chemical composition of the films of ZNP(2)-ZNP(6) samples is almost the same [ EDS proved that all these samples are formed mainly of Ni (>75-88%)]. The Curie temperature value, determined from the quadratic dependence of σ 2 =f (T), for these compounds has the same value of Tc=610 K. It is known that the Curie temperature of nickel is Tc=627.4 K. The fact that the magnetic properties of the studied Zn-Ni-P thin layers of thickness 5.77≤d≤13.51 μm are provided by nickel cation exchange interactions is thus obvious. Nickel ions in the Zn-Ni-P films, and specifically in the ZnNi 10 P 3 , are in a bound state. This should lead to both a decrease in the specific magnetization and Curie temperature decrease. There is no information in the literature on ZnNi 10 P 3 magnetic properties. To accurately determine the Curie temperature of ZnNi 10 P 3 , the specific magnetization σ=f (T) temperature dependence in the powders is needed. The study of σ=f(T) dependencies for ZNP(7) and ZNP(8) samples showed that they have diamagnetic properties some as ZNP(1). The difference of a thin Zn-Ni-P layer of thickness of d=1.48 μm [ZNP(8) sample] is that the σ=f(T) dependence shows the magnetic diamagnetic -paramagnet phase transition at temperatures of ≈750 K. The paramagnetic state of a Zn-Ni-P thin layer [ZNP(8) sample] was preserved upon cooling. This experimental fact suggests a meta-stable state of the magnetic properties of Zn-Ni-P thin layers depending on their thickness (d) and temperature effects. We could not compare our data with previous literature as no such data was found.
The numerous micrographs and the width of peaks in X-rays spectra permit to suppose that the studied films are nano-to sub-microcrystalline. It has been demonstrated recently that the physical properties of nanograined metals and oxides strongly depend on the presence of defects like grain boundaries [19] and on the presence of (invisible for XRD) amorphous surficial and intergranular layers [20] . Based on these assumptions the non-trivial behaviour of thin films observed can be driven by the properties of free surfaces and grain boundaries in Zn-Ni-P films. However we must emphasize that the size of crystallites is very small to suppose that the magnetic properties are provided only by grains size and because at the samples annealing at specific magnetization measurements up 780 K is not excepted, that properties of free surfaces and grain boundaries of studied thin films also will have to change which is hard to investigate.
Conclusions
We successfully prepared Zn-Ni-P thin alloy films on copper substrate by electrodeposition from chloride baths with a pH~3.3-3.4, at a temperature of ~50-52°C and a current density of 4 and 10 mA cm -2 .
The study of the crystal structure and magnetic properties of Zn-Ni-P thin layers on copper showed that the crystal structure began to appear at a thicknesses of d≥5 μm. The XRD results lead to the following conclusion of the ZnNi 10 P 3 compound formation in the Zn-Ni-P films. The films are continuous and have a typical topography with many homogeneous globular features. EDS confirmed the formation of the Zn-Ni-P coating in two samples [ZNP(1) and ZNP(8)] only and with Zn:Ni:P atomic ratios of 1:8:4 and 4:8:3 respectively.
The XPS results demonstrated that the incorporation of Zn in the Ni-P electroless thin layer is possible in the non-cyanide electrolyte. The inclusion of zinc is proved to be in an oxidized state, as a mixture of ZnO and ZnCl 2 . The phosphorus is proved to be in a metallic form as well as in an organic form, proving the existence of the expected citrate complexes in the bath. Nickel was demonstrated to exist in the oxidized states Ni 2+ and Ni 3+ .
At room temperature and when the thickness was d≥5 μm, the investigated thin layers had the specific magnetization of 25-37 A m 2 kg -1 which represented a sufficiently high value for use in technical and electronic devices. It was established that for Zn-Ni-P thin layers with a thickness of d≥5 μm, the increase in temperature to T=900 K lead to their interaction with the copper substrate and to a decrease of specific magnetization. For both samples in which the Zn-Ni-P thin film was obtained, it was found that they had diamagnetic properties. Further research of the specific magnetization σ=f(T) dependencies on powdered samples is needed to determine the exact values of the specific magnetization and Curie temperature of ZnNi 10 P 3 compounds.
